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Abstract: This study is to identify the critical interface in a geosynthetic multilayer liner system by
examining the effects of the interface shear strength of liner components, leachate level, leachate buildup
cases, and peak and residual interface strengths. According to current landfill design procedures, conducting
stability analysis along the same interface at both the back slope and base may result in a non-conservative
result. The critical interfaces with the minimum factor of safety are generally found at different locations
along the back slope and base. The critical interface for a multilayer liner system cannot simply be assumed
during stability analysis. It can shift from one interface to another with changes in the leachate level and with
different leachate buildup cases. The factor of safety for an interface with a high friction angle and low
apparent cohesion generally drops much more quickly than it does under inverse conditions when the leachate
level increases. The failure interface in a liner system under residual conditions is usually different from the
failure interface under peak conditions.
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1 Introduction
Double composite liners have been widely adopted in solid waste landfills in the USA.
This type of liner system is mandated by all federal and state regulations for hazardous waste,
and by at least 12 state regulatory agencies for municipal and nonhazardous waste (Qian et al.
2002). Double composite liner systems consist of up to ten individual geosynthetic and soil
components. Those interfaces, whose resistances against shear stress are low, must be
evaluated as potential failure surfaces (Figure 1). As seen in Figure 2, a lateral translational
failure tends to occur, with the solid waste sliding within or along the relatively steep back
slope and relatively flat base of the multilayer liner system.
If the cohesion and/or adhesion of the liner materials are not considered in a stability
analysis, the interface between two materials or within a material that has the minimum
friction angle for the multilayer liner system will be a critical potential failure plane with a
minimum factor of safety against translational failure. Highly textured and reinforced
geosynthetic materials have been used in landfill liner systems to increase shear strength.
These materials usually have relatively high cohesion and adhesion that allow for significantly
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improved landfill stability. Simply ignoring cohesion and adhesion of the materials will lead to
significantly over-conservative results. For the sake of convenience, both the cohesion of a
material and the adhesion between two materials are collectively defined as apparent cohesion
and referred to as such in the following descriptions. Determination of the critical interface
with the minimum factor of safety in the entire liner system is the most important way to
prevent translational failure. The purpose of this paper is to examine the critical interface in
geosynthetic multilayer liner systems through the effects of the interface friction angle and
apparent cohesion of liner materials, leachate levels, and leachate buildup cases.
Figure 1 Interface shear forces in a double composite liner system
Figure 2 Translational waste mass sliding along or within liner system
2 Method used in this study
A new approach to the two-part wedge method for translational failure analysis of
landfills was developed by Qian et al. (2003) and updated by Qian and Koerner (2004, 2005,
2007) and Qian (2006, 2008) using the limit equilibrium method. In the conventional analysis
procedure of a two-part wedge method, the direction of the interwedge force is assumed to be
parallel to either the back slope or the front slope (U.S. Army Corps of Engineers 1960). In the
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new method, the interwedge forces, EA and EP, are assumed to be inclined at an unknown
angle ω to the normal direction of the interface between the active and passive wedges, and
each of them is divided into two components, as seen in Figure 3, where EHA and EVA are the
two components of EA, EHP and EVP are the two components of EP, UHA and UHP are the
resultants of the pore water pressures acting on the interface between the active and passive
wedges, UNA and UNP are the resultants of the pore water pressures acting on the bottom of the
active and passive wedges, NA and NP are the normal forces acting on the bottom of the active
and passive wedges, WA and WP are the weights of the active and passive wedges, FA and FP
are the frictional forces acting on the bottom of the active and passive wedges, B is the top
width of the waste mass, and H is the height of the back slope. In order to meet the waste shear
failure criteria at the interface between the active and passive wedges, the average shear stress
on the interface must be less than the average shear strength of the waste at the interface
(Whitman and Bailey 1967). Considering the equilibrium of the whole waste mass, the factor
of safety at the interface between active and passive wedges, FSV, should not be less than the
factor of safety for the entire solid waste mass, FS. FS is assumed to be the same at all points
on the failure surface (Janbu 1973).
Figure 3 Forces acting on two adjacent wedges of a waste mass in a landfill cell
The force equilibrium of the active and passive wedges, shown in Figure 3, is
considered in order to establish the force equilibrium equations. The resulting FS can be
expressed as follows:
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) ( )NP sw A P H sw A Pcos tan tan sin tan tanU m U mβ δ δ β θ δ δ+ −
In Eq. (1),
sw sw Vtan /m FSφ= (2)
sw sw V/n C FS= (3)
where CA and CP are the total apparent cohesive forces of liner components beneath active and
passive wedges; Csw is the apparent cohesive force of waste; UH is the resultant of the pore
water pressures acting on the lateral side of an active or passive wedge, UH = UHA = UHP; WT is
the total weight of the active and passive wedges, WT = WA + WP; δA and δP are the interface
friction angle of liner components beneath the active and passive wedges; and φ sw is the
internal friction angle of waste.
The values of msw and nsw in Eq. (1) depend on φsw, Csw, and FSV, as shown in Eqs. (2)
and (3). Because FSV should not be less than FS for the entire waste mass, msw and nsw will
reach their maximum values when FSV = FS. The minimum values of msw and nsw are 0 when
FSV =  (i.e., when the effect of the waste strength is not considered). This means that a
maximum factor of safety FSmax (the upper bound solution) can be obtained when it is
assumed that FSV = FS, and a minimum factor of safety FSmin (the lower bound solution) can
be obtained when it is assumed that FSV = . Based on previous studies (Qian et al. 2003;
Qian and Koerner 2004), an average factor of safety between FSmin and FSmax, i.e., FSave =
(FSmax + FSmin)/2, can be used as a best estimate by this method to replace the true factor of
safety FStrue, and the upper bound of the difference between FStrue and FSave can be predicted
within 5% (Qian et al. 2003).
The results of the above method agree with the results computed from a sliding block
analysis using the Janbu simplified method (Janbu 1973) included in the computer code
PCSTABL6 (Bandini and Salgado 1999). The ability of the new method to calculate the
translational failure of a waste mass with a predetermined sliding failure face is fully
demonstrated in Qian et al. (2003). Methods used to calculate the values of Csw, CA, CP, WA,
WP, UNA, UNP, and UH in Eq. (1) can be found in Qian and Koerner (2004, 2005, 2007) and
Qian (2006, 2008).
Different interface shear strengths and different leachate levels at the back slope and base
can be used in this method. For example, a peak interface strength can be used at the base and
a reduced or residual interface strength can be used at the back slope. The method can also be
used to calculate the factor of safety for a potential failure face passing through one liner
interface at the back slope and then through another liner interface at the base.
2.1 Leachate level scenarios
Two possible leachate buildup cases were considered in this analysis of translational
failures with seepage (Figure 4). They represent the various possible leachate buildup
conditions in landfills. Pore water pressures can be calculated from flow nets for each leachate
buildup case.
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Figure 4 Leachate buildup cases and pore water pressures acting on waste mass
Case 1: It is assumed that the seepage flow is parallel to the base and back slope (Figure
4(a)). While somewhat idealized insofar as the abrupt change is concerned, parallel to base
and back slope leachate buildup can occur when a landfill is under normal operating
conditions. The maximum allowable leachate level in landfills is 0.30 m according to most
regulatory requirements. The leachate level over the liner may be higher than 0.30 m if the
inflow rate exceeds the design flow capacity of the leachate collection system.
Most likely, the phreatic surfaces of the leachate flow are not parallel to either the base or
back slope (McEnroe 1993), but this assumption simplifies the calculations and tends toward a
conservative stability analysis result. Methods used to calculate the leachate level over the
liner can be found in McEnroe (1993), Giroud et al. (2000), and Qian et al. (2004).
Case 2: Leachate builds up horizontally on the base and parallelly to the back slope
(Figure 4(b)). Horizontal leachate buildup on the base might occur in closed or partially closed
landfills when power is lost, with pump shut-down problems during landfill operation, or if the
leachate collection system is excessively clogged. If the liquid inflow is larger than the flow
capacity of the leachate drainage layer at the back slope during a heavy rain, there can be a
high leachate level over the back slope.
2.2 Critical interface without leachate level
In order to analyze the effects of the liner interface friction angle ( δ ) and apparent
cohesion (c) on landfill stability, the values of δ and c for various interfaces of a geosynthetic
multilayer liner system are assumed to be those listed in Table 1. Geometric dimensions and
mechanical properties of the waste mass are as follows: α = 14.0°, β = 18.4°, θ = 1.1°, B = 20 m,
H = 30 m, ρsw = 1.04×103 kg /m3, (ρsw)sat = 1. 30×103 kg /m3, φsw = 30°, csw = 3.0kPa, δ = δA = δP,
and c = ca = cp, where ρsw is the density of solid waste, (ρsw)sat is the saturated density of solid
waste, ca and cp are the apparent cohesion of liner components beneath active and passive
wedges, δ is the interface friction angle of liner components for δ =δA = δP, c is the apparent
cohesion of liner components for c = ca = cp, and csw is the apparent cohesion of waste.
According to current analysis procedures, the critical interface, after calculating FS for each
liner interface, is Interface I with δ = 0° and c = 23.2 kPa (Table 1). Thus, the minimum FS is
considered to be 1.4197 for this liner system when the leachate level is not considered.
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Table 1 Factors of safety for each interface
without consideration of leachate level
Interface ǂδ (°) c (kPa) FS
I 0 23.2 1.419 7
II 7 14.6 1.439 4
III 9 12.2 1.450 6
IV 12 8.6 1.470 6
V 16 4.0 1.517 5
VI 18 1.8 1.551 5
VII 20 0 1.613 3
In the above analysis, it is assumed that the potential translational failure face in the liner
system can only pass through the same interface
at both the back slope and base. However, the
potential translational failure in the liner system
may occur within one interface at the back slope
and another interface at the base. There are 49
combinations because there are seven interfaces
at both the back slope and base. The 49 FS values
are listed in Table 2, which shows that the actual
critical interface with the minimum FS is
Interface Ia with δA = 0° and ca = 23.2 kPa at the back slope, and Interface IIIp with δP = 9°
and cp = 12.2 kPa at the base (defined as Interface Ia/IIIp). The FS of Interface Ia/IIIp is 1.410
2, less than the FS of 1.4197 along Interface I listed in Table 1 (Interface Ia/Ip in Table 2). The
FS calculated from the same interface at both the back slope and base (FS in Table 1) is shown
along the diagonal in Table 2. Thus, according to current design procedures, calculating FS
along the same interface at the back slope and base without considering the FS for various
combinations of different interfaces at the back slope and base may result in unsafe FS values.
Table 2 Factors of safety for various interface combinations without consideration of leachate level
Interface
at base
Factor of safety
Ia IIa IIIa IVa Va VIa VIIa
Ip 1.419 7 1.448 8 1.460 8 1.481 0 1.521 3 1.548 4 1.593 3
IIp 1.410 7 1.439 4 1.451 3 1.471 2 1.511 0 1.537 8 1.582 4
IIIp 1.410 2 1.438 8 1.450 6 1.470 5 1.510 2 1.536 9 1.581 3
IVp 1.410 5 1.439 0 1.450 7 1.470 6 1.510 1 1.536 7 1.580 9
Vp 1.418 3 1.446 7 1.458 4 1.478 1 1.517 5 1.543 9 1.587 9
VIp 1.426 0 1.454 4 1.466 1 1.485 8 1.525 1 1.551 5 1.595 4
VIIp 1.443 8 1.472 4 1.484 1 1.503 9 1.543 1 1.569 5 1.613 3
Note for Table 2 through Table 11: (1)δ = δA = δp and c = ca = cp for the same number of interfaces at the back slope and base,
and the data of δ  and c for each interface are listed in Table 1; and (2) Ia, IIa, IIIa, IVa, Va, VIa, and VIIa are the back slope
interfaces.
2.3 Effect of leachate level
The Case 1 leachate scenario is considered in the following analysis: The leachate level
at the back slope, hwb, is assumed to be equal to the leachate level at the base, hw, (i.e., hw =
hwb). According to most regulatory requirements, the maximum allowable leachate level over
the liner is 0.30 m under normal operating conditions. The FS values for various interface
combinations of the liner system for hw = hwb = 0.30 m are listed in Table 3. Table 3 shows that
the critical interface is Interface Ia/IVp, as opposed to Interface Ia/IIIp, which is the critical
interface when hw = hwb = 0 (Table 2). The minimum FS drops from 1.410 2 to 1.388 0 when
the leachate level increases from 0 to 0.30 m. Comparison of Table 3 with Table 2 suggests
that, although the 0.30-m leachate level is not a significant liquid level in a landfill, it may still
cause the location of the critical interface in the liner system to change and cannot be ignored.
Qian Xuede. Water Science and Engineering, Dec. 2008, Vol. 1, No. 4, 22-3528
Table 5 Critical interface and factor of safety at
various leachate levels in Case 1 (hw = hwb)
Leachate level
(m) Critical interface FS
0 Ia/IIIp 1.410 2
0.30 Ia/IVp 1.388 0
1.00 IIa/Vp 1.331 4
2.00 IVa/VIp 1.207 1
3.00 VIa/VIIp 1.065 0
Table 3 Factors of safety for various interface combinations in Case 1 when hw = hwb = 0.30 m
Interface
at base
Factor of safety
Ia IIa IIIa IVa Va VIa VIIa
Ip 1.407 0 1.426 8 1.436 0 1.452 0 1.486 4 1.510 5 1.552 1
IIp 1.392 4 1.411 8 1.420 9 1.436 7 1.470 6 1.494 3 1.535 5
IIIp 1.390 2 1.409 5 1.418 6 1.434 3 1.468 1 1.491 8 1.532 8
IVp 1.388 0 1.407 2 1.416 2 1.431 8 1.465 5 1.489 0 1.529 9
Vp 1.392 2 1.411 4 1.420 3 1.435 9 1.469 3 1.492 7 1.533 4
VIp 1.398 0 1.417 2 1.426 2 1.441 7 1.475 1 1.498 5 1.539 0
VIIp 1.413 9 1.433 3 1.442 3 1.457 8 1.491 2 1.514 5 1.555 0
The FS values for various interface combinations for hw = hwb = 3.00 m in Case 1 are
listed in Table 4. When hw = 3.00 m, the critical interface is Interface VIa/VIIp and the
minimum FS value is 1.065 0. Table 5 shows a summary of location changes of the critical
interface and variations in FS when hw changes from 0 to 3.00 m in Case 1 when hw = hwb. The
results show that the locations of the critical interface in the liner system and the FS value
change with the increase of hw. Thus, accurate prediction of the leachate level in a landfill is
very important to determining the correct critical interface and the FS value in the liner system
for landfill design.
Table 4 Factors of safety for various interface combinations in Case 1 when hw = hwb = 3.00 m
Interface
at base
Factor of safety
Ia IIa IIIa IVa Va VIa VIIa
Ip 1.306 3 1.252 6 1.240 2 1.223 1 1.211 1 1.210 7 1.226 1
IIp 1.242 1 1.188 4 1.175 9 1.158 7 1.146 4 1.145 8 1.160 7
IIIp 1.225 2 1.171 5 1.159 1 1.141 9 1.129 5 1.128 8 1.143 6
IVp 1.200 5 1.146 8 1.134 3 1.117 1 1.104 7 1.103 9 1.118 4
Vp 1.173 1 1.119 5 1.107 1 1.089 9 1.077 4 1.076 6 1.090 8
VIp 1.162 4 1.108 9 1.096 6 1.079 4 1.066 9 1.066 0 1.080 2
VIIp 1.160 8 1.107 6 1.095 3 1.078 3 1.065 9 1.065 0 1.079 1
Table 4 and Table 2 show that the FS at Interface Ia/Ip with δ = 0° and c = 23.2 kPa is
reduced from 1.4197 to 1.3063, dropping 8.0%, when hw increases from 0 to 3.00 m. However,
the FS at Interface VIIa/VIIp with δ = 20 ° and c = 0 is reduced from 1.613 3 to 1.079 1,
dropping 33.1%, under the same conditions. In addition, when hw = 0, the FS at Interface Ia/Ip,
which is 1.4197, is much lower than the FS at Interface VIIa/VIIp, which is 1.6133. However,
when hw = 3.00 m, the FS at Interface Ia/Ip, 1.306 3, is much higher than the FS at Interface
VIIa/VIIp, which is only 1.079 1. This indicates
that the FS for an interface with a high δ and low
c drops much more quickly than the FS for an
interface with a low δ and high c when hw
increases. Thus, selecting materials having high
apparent cohesion will help decrease the failure
potential for a multilayer liner system. Simply
ignoring apparent cohesion will lead to a
serious underestimation of the factor of safety. Any overestimation of apparent cohesion of
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the liner materials will cause an unsafe result. Thus, obtaining accurate and reliable values
of apparent cohesion for various liner materials becomes a critical experimental item for
conducting translational failure analysis of landfills.
2.4 Effect of leachate buildup cases
Five possible leachate buildup cases were selected to simulate landfill operation under
various conditions caused by leachate collection system problems or excessive leachate
generation. The five possible leachate buildup cases are the following:
Case 1a: This assumes either that the leachate drainage layers at both the back slope and
base are partially clogged and the flow capacity of the drainage layer at both the back slope
and base is less than the leachate generation rate, or that the actual leachate generation rate is
greater than the design drainage capacity of the leachate collection system during a heavy rain.
In this case, the leachate builds up at a parallel level to both the back slope and base (Figure
4(a)). It is assumed that the leachate level at the back slope is equal to the leachate level at the
base, i.e., hw = hwb.
Case 1b: This assumes that the drainage layer at the base is partially clogged and the
flow capacity of the drainage layer at the base is less than the leachate generation rate, but
also that the drainage layer at the back slope still has an adequate drainage capacity to
maintain a leachate level of no more than 0.30 m, i.e., hwb = 0.30 m. In this case, leachate
builds up at a level parallel to the base (Figure 4(a)).
Case 1c: This assumes that the drainage layer at the back slope is partially clogged and
the flow capacity of the drainage layer at the back slope is less than the leachate generation
rate, but also that the drainage layer at the base still has an adequate drainage capacity to
maintain a leachate level no higher than 0.30 m, i.e., hw = 0.30 m. In this case, leachate builds
up at a level parallel to the back slope (Figure 4(a)).
Case 2a: This assumes that the pump is broken or has lost power, the drainage layer at
the back slope is partially clogged, and the flow capacity of the drainage layer at the back
slope is less than the leachate generation rate. In this case, leachate builds up horizontally over
the base and parallelly to the back slope (Figure 4(b)). It is assumed that the leachate level at
the back slope is equal to the leachate level at the base, i.e., hw = hwb.
Case 2b: This assumes that the pump is broken or has lost power, but the drainage layer
at the back slope still has an adequate drainage capacity to maintain a leachate level of no
more than 0.30 m, i.e., hwb = 0.30 m. In this case, leachate builds up horizontally over the base
(Figure 4(b)).
Tables 6, 7, 8, 9, and 10 show the changes of the critical interface and FS value with an
increase of leachate level in Cases 1a, 2a, 1b, 2b, and 1c, respectively. It is indicated that the
Table 6 Changes of critical interface and factor of Table 7 Changes of critical interface and factor of
safety with leachate level in Case 1a (hw = hwb) safety with leachate level in Case 2a (hw = hwb)
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Table 10 Changes of critical interface and factor of
safety with leachate level in Case 1c (hw = 0.30 m)
Critical interface Factor
of safety
Leachate
level hwb
(m)
Interface at
back slope
Interface at
base
Ia IIIp 1.410 2 0
Ia IVp 1.406 7 0.05
IIa IVp 1.362 7 0.96
IIIa IVp 1.336 4 1.36
IVa IVp 1.326 3 1.50
Va IVp 1.269 6 2.18
VIa IVp 1.205 7 2.84
VIa IIIp 1.123 8 3.65
VIa IIp 1.037 1 4.54
VIIa IIp 1.036 1 4.55
Critical interface Factor
of safety
Leachate
level (m)
Critical interface Factor
of safety
Leachate
level (m)Interface at
back slope
Interface at
base
Interface at
back slope
Interface at
base
Ia IIIp 1.410 2 0 Ia IIIp 1.410 2 0
Ia IVp 1.406 7 0.05 Ia IVp 1.389 9 0.01
Ia Vp 1.361 4 0.66 Ia Vp 1.383 0 0.10
IIa Vp 1.337 0 0.95 Ia VIp 1.331 1 0.70
IIa VIp 1.299 1 1.29 IIa VIp 1.309 2 0.94
IIIa VIp 1.289 7 1.37 IIIa VIp 1.262 1 1.34
IVa VIp 1.273 6 1.50 IVa VIp 1.243 4 1.49
Va VIp 1.180 9 2.20 Va VIp 1.151 5 2.18
Va VIIp 1.087 8 2.85 Va VIIp 1.144 2 2.23
VIa VIIp 1.080 4 2.90 VIa VIIp 1.048 1 2.87
VIIa VIIp 0.801 8 4.79 VIIa VIIp 0.765 1 4.77
Table 8 Changes of critical interface and factor of Table 9 Changes of critical interface and factor of
safety with leachate level in Case 1b (hwb = 0.30 m) safety with leachate level in Case 2b (hwb = 0.30 m)
Critical interface Factor
of safety
Leachate
level hw
(m)
Critical interface Factor
of safety
Leachate
level hw
(m)
Interface at
back slope
Interface at
base
Interface at
back slope
Interface at
base
Ia IIIp 1.410 2 0 Ia IIIp 1.410 2 0
Ia IVp 1.406 7 0.05 Ia IVp 1.389 9 0.01
Ia Vp 1.374 8 0.66 Ia Vp 1.383 0 0.10
Ia VIp 1.345 9 1.24 Ia VIp 1.346 7 0.68
Ia VIIp 1.257 6 2.72 Ia VIIp 1.259 9 2.15
IIa VIIp 1.047 9 5.51 IIa VIIp 0.996 2 5.62
IIIa VIIp 0.909 4 7.06
changing paths of the critical interface for
the same multilayer liner system are
different in various leachate buildup cases
It can be seen from Tables 8 and 9 that if
hw increases only at the base, as in Cases
1b and 2b, the critical interface at the base
shifts from the interface with low δ and
high c to the interface with high δ and low
c. If hwb increases only at the back slope,
as in Case 1c, the critical interface at the
back slope changes significantly. The
critical interface at the back slope changes
from the interface with low δ and high c to the interface with high δ and low c with an
increase in hwb (Table 10). If the leachate level increases at both the back slope and the base, as
in Cases 1a and 2a, the critical interface at both the back slope and the base changes as well
(Tables 6 and 7).
If a minimum acceptable FS is assumed to be 1.30 or 1.00, the critical interface of the
five possible leachate buildup cases can be obtained, as shown in Table 11. The results show
that, although the FS values are the same, different leachate buildup conditions result in
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different critical interfaces (or failure interfaces) in a multilayer liner system.
Table 11 Critical interface and leachate level for FS = 1.30 and 1.00 in various leachate buildup cases
Leachate buildup case
FS = 1.30 FS = 1.00
Critical interface Leachate level (m) Critical interface Leachate level (m)
Case 1a (hw = hwb) IIa/Vp 1.28 VIa/VIIp 3.43
Case 1b (hwb = 0.30 m) Ia/VIp 2.03 IIa/VIIp 6.04
Case 1c (hw = 0.30 m) IVa/IVp 1.81 VIIa/IIp 4.90
Case 2a (hw = hwb) IIa/VIp 1.02 VIa/VIIp 3.18
Case 2b (hwb = 0.30 m) Ia/VIp 1.49 IIa/VIIp 5.58
From the results above, it can be concluded that the effects of leachate level in a landfill
on the critical interface of the liner system depend not only on the leachate level but also on
the nature of the leachate buildup.
3 Practical design demonstration
Municipal solid waste usually settles considerably during the filling operation. It is well
established that municipal solid waste landfills lose approximately 10% to 30% of their initial
height as they settle (Spikula 1997). The large settlement can induce shear stress in the liner
system on the sideslope, which tends to displace the liner system downslope. Shear stresses
induce large shear displacements along specific interfaces in the liner system that may lead to
the mobilization of a reduced or residual interface strength. In addition, thermal expansion and
contraction of the sideslope liner system during construction and waste filling may also
contribute to the accumulation of shear displacements and the mobilization of a residual
interface strength (Stark and Poeppel 1994; Qian et al. 2002). Considering these possibilities,
the use of residual interface shear strengths at the sideslope has been recommended for the
liner system in landfill stability analysis of many important landfill projects.
An actual double composite liner system was used to conduct a demonstration analysis
(Figure 5). From top to bottom, the liner system consisted of:
(1) a 600-mm protective sand layer;
(2) a geocomposite (GC) drainage layer with two-sided nonwoven geotextiles (NW-GT);
(3) a 1.5-mm two-sided textured HDPE geomembrane (GM-T);
(4) a reinforced geosynthetic clay liner (GCL) with woven geotextile (W-GT) on top and
nonwoven geotextile (NW-GT) on bottom;
(5) a geocomposite (GC) drainage layer with one-sided nonwoven geotextile (NW-GT), a
placed geonet (GN) on top and geotextile on bottom;
(6) a 1.5-mm two-sided textured HDPE geomembrane (GM-T); and
(7) a 600-mm compacted clay liner (CCL).
The interface friction angle and interface cohesion for each interface of the composite
liner system at peak and residual shear strengths are listed in Table 12. The selection of the
various interface strengths is critically important. They should be determined on the basis of
site-specific and product-specific conditions. There are, however, several surveys of typical
Qian Xuede. Water Science and Engineering, Dec. 2008, Vol. 1, No. 4, 22-3532
data available (Zornberg et al. 2005; Dixon et al. 2006). The geometric dimensions and
mechanical properties of the waste mass are the same as those described in section 2.2.
Figure 5A double composite liner system for a demonstration analysis: see Table 12 for properties
Table 12 Interface friction angle and interface cohesion for interfaces at peak and residual shear strengths for
a double composite liner system
Number Interface of liner components
Peak shear strength Residual shear strength
δ (°) c (kPa) δ (°) c (kPa)
I Sand/NW-GT of GC 27 14.0 21 . 8.0
II NW-GT of GC/GM-T 26 0 15 0
III GM-T/W-GT of GCL 16 10.5 12 2.1
IV Reinforced GCL (Internal) 15 30.0 6 10.0
V NW-GT of GCL/GN of GC 25 0 16 0
VI NW-GT of GC/GM-T 25 8.0 17 0
VII GM-T/CCL 18 8.2 14 0.4
A total of five possible leachate buildup conditions (described previously) were
considered in the analysis. Two strength situations were considered, one using peak shear
strength at both the back slope and base (peak condition), and the other using residual shear
strength at the back slope and peak shear strength at the base (residual condition).
Previous results show that the critical interface paths change with different leachate
buildup cases. When the leachate level in the landfill is 0.30 m (i.e., hw = hwb = 0.30 m), the
landfill is under normal operating condition and the FS is 1.855 8, with the critical interface
being Interface IIIa/IIIp under peak conditions. However, under residual conditions the FS is
only 1.339 4 and the critical interface is Interface IVa/IIIp. The changes of critical interface
and FS value with leachate level under peak and residual conditions in Case 1a are listed in
Tables 13 and 14, respectively.
It can be found that the critical interface path under peak conditions is different from that
under residual conditions even in the same leachate buildup case. This indicates that using
different shear strength values results in different critical interfaces in the liner system. Thus,
predicting possible displacement of the liner components occurring at the sideslope and then
selecting the correct strength conditions (i.e., peak strength, large deformation strength, or
residual strength) is very important to determining both the critical interface and the FS value
of the liner system.
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Table 13 Changes of critical interface and factor of
safety with leachate level under peak conditions
in Case 1a (hw = hwb)
Critical interface Factor of
safety
Leachate
level (m)Interface at
back slope
Interface at
base
IIIa IIIp 1.907 6 0
IIIa VIIp 1.770 4 0.81
IIIa Vp 1.719 7 1.11
VIIa Vp 1.460 2 2.54
Va Vp 1.394 9 2.90
Note for Table 13 through Table 15: δ = δA = δp and c = c a = cp
for the same number of interfaces at back slope and base, and
the data of δ  and c are listed in Table 12.
Table 14 Changes of critical interface and factor of
safety with leachate level under residual conditions
in Case 1a (hw = hwb)
Critical interface Factor of
safety
Leachate
level (m)Interface at
back slope
Interface at
base
IVa IIIp 1.372 2 0
IIIa IIIp 1.319 9 0.48
IIIa VIIp 1.236 9 1.12
IIIa Vp 1.193 4 1.45
Table 15 shows the critical interface and leachate level when FS = 1.00 and 1.50 under
peak conditions and when FS = 1.00, 1.20
and 1.30 under residual conditions in
various leachate buildup cases. The value
of 1.50 is usually taken to be an
acceptable FS for peak shear strengths in
stability analysis and a significantly lower
value is usually an acceptable FS for
residual shear strengths. Table 15 shows
that the allowable leachate levels
corresponding to FS = 1.50 (peak
condition) are much higher than those
corresponding to FS = 1.20 or 1.30
(residual condition). The locations of the
critical interface in the liner system also
depend on the selections of the shear
strengths and an acceptable FS value.
The critical interface for FS = 1.00 is
also an actual failure interface of the liner
system. Table 15 indicates that the failure
interface under residual conditions is usually different from the failure interface under peak
conditions except in Cases 1b and 2b. The failure interface at the back slope and base is usually
not located at the same interface under both strength conditions except in Cases 1a and 2a under
peak conditions for this liner system.
Table 15 Critical interface and leachate level for different FS values under peak and residual conditions
Leachate
buildupcase
Peak condition Residual condition
FS =1.00 FS= 1.50 FS= 1.00 FS = 1.20 FS =1.30
Critical
interface
Leachate
level (m)
Critical
interface
Leachate
level (m)
Critical
interface
Leachate
level (m)
Critical
interface
Leachate
level (m)
Critical
interface
Leachate
level (m)
Case1a
(hw=hwb) Va/Vp 4.89 IIIa/Vp 2.31 IIIa/Vp 2.78 IIIa/VIIp 1.40 IIIa/IIIp 0.63
Case1b
(hwb=0.30m) IIIa/Vp 8.60 IIIa/Vp 4.35 IIIa/Vp 4.45 IVa/Vp 2.37 IVa/VIIp 1.10
Case1c
(hw=0.30m) Va/IIIp 7.28 Va/IIIp 3.31 VIIa/IIIp 4.86 IIIa/IIIp 2.06 IIIa/IIIp 0.82
Case2a
(hw=hwb) Va/Vp 4.63 IIIa/Vp 2.06 IIIa/Vp 2.46 IIIa/Vp 1.12 IVa/IIIp 0.42
Case2b
(hwb=0.30m) IIIa/Vp 8.22 IIIa/Vp 3.88 IIIa/Vp 3.96 IVa/Vp 1.83 IVa/VIIp 0.55
Thus, correctly selecting strength parameters for the liner system according to the actual
possible displacement of liner components at the sideslope is very important to predicting both
the locations of the critical interfaces and the FS values in order to prevent failure within the
liner system. Incorrect parameter selection may result in inaccurate FS value predictions.
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Table 15 also indicates that it is not appropriate to use an FS value under peak conditions
to replace that under residual conditions in order to avoid running residual strength tests for
the liner components, because there are different failure interfaces for different strength
situations. On the other hand, using an appropriate apparatus to measure residual strength
values is obviously important. Reliable residual internal and interface strengths of liner
components similar to field liner displacement conditions are desirable. If the strength
situation or displacement of the liner system at the site cannot be predicted, it is suggested that
both the peak and residual strengths should be used in stability analysis.
4 Conclusions
This paper focuses on locating the critical interfaces in geosynthetic multilayer landfill
liner systems. Conclusions from the study of various interface combinations of a multilayer
liner system considering different possible leachate buildup cases are as follows:
(1) According to current design procedures, calculating the FS along the same interface at
both the back slope and base may result in an unsafe result. The critical interfaces with the
minimum FS values are generally at different interfaces along the back slope and along the base.
(2) The FS generally decreases faster for a liner interface with a high δ and low c than for
a liner interface with a low δ and high c when the leachate level increases. Thus, selecting
materials having high apparent cohesion will help decrease the failure potential of a multilayer
liner system.
(3) The effects of leachate level in a landfill on the critical interface and FS values of a
multilayer liner system depend not only on the leachate level but also on the manner of
leachate buildup. Accurately predicting the leachate level and leachate buildup is very
important to determining the correct locations of the critical interface and the FS values in the
liner system for landfill design.
(4) The failure interface under residual conditions is usually different from the failure
interface under peak conditions. Correctly selecting strength parameters for the liner system
according to the actual possible displacement of liner components at the sideslope is very
important to predicting both the locations of the critical interface and the FS in order to
prevent failure within the liner system. Incorrect strength parameters will result in an
inaccurate value of FS against translational failure.
(5) One must be very careful in conducting stability analysis for a multilayer liner system
under various leachate buildup conditions to ensure that each interface combination is able to
achieve an acceptable factor of safety.
(6) It is not appropriate to use an FS value under peak conditions as a replacement for
that under residual conditions in order to avoid performing residual strength tests for the liner
components, because there are different failure interfaces for different strength situations. If
the strength situation or displacement of the liner system at the site cannot be predicted, it is
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suggested that both peak and residual strengths be considered in the stability analysis.
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